Adult stem cell deficiency has been implicated in the pathogenic mechanism for various diseases. Renal medullary dysfunction is one of the major mechanisms for the development of hypertension in Dahl salt-sensitive (S) rats. The present study first detected a stem cell deficiency in the renal medulla in Dahl S rats and then tested the hypothesis that transplantation of mesenchymal stem cells (MSCs) into the renal medulla improves salt-sensitive hypertension in Dahl S rats. Immunohistochemistry and flowcytometry analyses showed a significantly reduced number of stem cell marker CD133+ cells in the renal medulla from Dahl S rats compared with controls, suggesting a stem cell deficiency. Rat MSCs or control cells were transplanted into the renal medulla in uninephrectomized Dahl S rats, which were then treated with a low-or high-salt diet for 20 days. High-salt-induced sodium retention and hypertension was significantly attenuated in MSC-treated rats compared with control cell-treated rats. Meanwhile, high-saltinduced increases of proinflammatory factors, monocyte chemoattractant protein-1, and interleukin-1β, in the renal medulla were blocked by MSC treatment. Furthermore, immunostaining showed that high-salt-induced immune cell infiltration into the renal medulla was substantially inhibited by MSC treatment. These results suggested that stem cell defect in the renal medulla may contribute to the hypertension in Dahl S rats and that correction of this stem cell defect by MSCs attenuated hypertension in Dahl S rats through antiinflammation.
Recent studies have suggested that many and perhaps all adult organs harbor stem cells [1] , including the kidneys [2] [3] [4] . Organ-specific stem cells are necessary for organ repair during routine maintenance [5, 6] . Rapid accumulating evidence shows that defects in organ-specific adult stem cells may be a pathogenic mechanism for diseases. The involvement of stem cell defects has been reported in various diseases, for example, hematologic disease [7] , skin degeneration [8] , aganglionic megacolon [9] , keratopathy [10] , muscular dystrophies [11] , etc. The present study explored the possible involvement of renal medullary stem cell deficiency in the development of salt-sensitive hypertension and determined the effect of stem cell therapy on salt-sensitive hypertension in Dahl S rats.
Salt-sensitive hypertension accounts for 50 % of hypertensive population [12] . Importantly, the salt sensitivity of blood pressure is closely associated with a much greater propensity to develop organ injuries in hypertension [13, 14] . Mechanism for salt-sensitive hypertension remains unclear. It is well known that the renal medulla plays an important role in the regulation of sodium excretion and long-term blood pressure regulation [15, 16] . Dahl S rat is a widely used genetic model of human salt-sensitive hypertension. Renal medullary dysfunction has long been recognized as one of the major mechanisms for the development of hypertension in Dahl S rats [16, 17] . Interestingly, the renal medulla has been recently identified as a niche for stem cells [3] . Given the important role of stem cell in maintaining normal organ function, it is possible that the stem cells in the renal medulla may contribute to the maintenance of normal renal medullary function and thereby to the long-term regulation of arterial blood pressure. We therefore wondered whether there was stem cell deficiency in the renal medulla in Dahl S rats, and, if so, whether stem cell defects in the renal medulla contributed to the development of salt-sensitive hypertension in Dahl S rats. The present study first examined the stem cell population and revealed a stem cell deficiency in the renal medulla, and then determined the effect of renal medullary transplantation of mesanchymal stem cells (MSCs) on salt-sensitive hypertension in Dahl S rats. Our results demonstrated that transplantation of MSCs into the renal medulla inhibited high-salt-induced inflammation in the renal medulla and improved salt-sensitive hypertension in Dahl S rats
Materials and methods
The detailed methods are available in the online supplement.
Animals Experiments used male Dahl S (Charles River), SS-13BN (Charles River) and Sprague-Dawley (Harlan) rats, weighing 250 to 350 g. Animal procedures were approved by the Institutional Animal Care and Use Committee of the Virginia Commonwealth University. SS-13BN rat was used in the present study because it is considered as one of the best normotensive control strains for Dahl S rat [18] . SS13-BN is a consomic subcolony of Dahl S rat with substitution of chromosome 13 from Brown Norway rat. The differences in genotype between SS-13BN rat and Dahl S rat is 1.95 %, which is much smaller than the differences between Dahl S rat and other commonly used "control" strains-Dahl R, 30 %; Sprague-Dawley, 52 %; ACI, 57 %; and BN, 77 % [18] .
Detection of CD133+, Oct-4+, CD90+, and CD43+ cells in the renal medulla Immunohistochemistry was used to detect these cells in the medulla. Using an alternative method, singlecell suspension from renal medullary tissues was prepared by collagenase digestion and cell strainer sieving and subjected to flow cytometric analysis of CD133+ cells. The appropriate isotype controls were included to assist in gating in flow cytometric analysis, and the forward scatter threshold was set to eliminate cell debris.
Ex vivo expansion of rat MSCs and renal medullary interstitial cells Rat MSCs were obtained from Texas A&M Health Science Center and cultured according to the instruction. Renal medullary interstitial cells (RMICs) were isolated from Sprague-Dawley rats and cultured the same as MSCs. Totally, 5×10
6 cells in 600 μl of 0.9 % saline were used as described below.
Transplantation of MSCs or RMICs into renal medulla Dahl S rats were uninephrectomized 1 week before. Cell suspensions prepared above were infused into the renal medulla of the remaining left kidney. A second cell infusion was performed 2 weeks later. RMICs were used in control animals. Animal groups included RMICs+low-salt diet (Ctrl+LS), RMICs+high-salt diet (Ctrl+HS), saline+HS, and MSC+HS.
Measurement of sodium balance Additional groups of Dahl S rats were treated with MSCs or RMICs as described above, and then housed in metabolic cages 5 days after cell transplantation. Daily indexes of sodium balance were computed by subtracting urinary sodium excretion from total sodium intake, and cumulative sodium balance was calculated. After a control day measurement, the animals were switched from tap water to 2 % NaCl water and sodium balance measurements were continued for additional 3 days [19] .
Monitoring of mean arterial pressure Mean arterial pressure (MAP) was measured using a telemetry system for 3 days while the rats remained on a low-salt diet, and then 20 more days when rats were on either a low-salt diet (0.4 %) or a highsalt diet (8 %). After the MAP measurement, the kidneys were saved for immunostaining or protein and RNA isolation.
Molecular biology assays Protein levels of monocyte chemoattractant protein (MCP)-1 in renal medullary tissue were detected by Western blot. Interleukin (IL)-1β levels in the renal medullary tissues were measured using an enzymelinked immunosorbent assay (ELISA) kit. CD90 mRNA levels were measured by quantitative RT-PCR Statistics Data are presented as means±SE. The significance of differences in mean values within and between multiple groups was evaluated using an ANOVA followed by a Duncan's multiple range test. Student's t test was used to evaluate statistical significance of differences between two groups. P<0.05 was considered statistically significant.
Results
Comparison of stem cell marker CD133+ cells in the renal medulla in different rats CD133 as a stem cell marker has been widely used to detect stem cells in a variety of organs such as brain [20] , liver [21] , muscle [22] , as well as kidney [4, 23] . We thus chose CD133 as a marker to detect renal stem cells in the renal medulla. Double staining of CD133 with another stem cell marker Oct-4 [21] showed that both CD133 and Oct-4 co-expressed in the same cells in the renal medulla (Supplement Fig. 1) , further suggesting the stem cell identity of the CD133+ cells in the present study. Immunostaining showed a significantly reduced number of stem cell marker CD133+ cells in the renal medulla in Dahl S rats compared with normotensive Sprague-Dawley and SS-13BN rats (Fig. 1a, b ). An alternative assay by flow cytometric analysis using single cell suspension prepared from the renal medulla also revealed that the percentage of CD133+ cells in Dahl S rats was significantly smaller than that in control rats (Fig. 1c, d ). These data indicate a stem cell defect in the renal medulla in Dahl S rats.
Effect of MSC transplantation on the level of CD90 in the renal medulla in Dahl S rats CD90 is a marker of MSCs suggested in the instruction from cell provider. We then detect the CD90+ cells to ensure a successful transplantation of MSCs at the endpoint of experiments after 20 days of highsalt challenge and MAP measurement. The number of CD90+ cells and the mRNA levels of CD90 in the renal medulla were greatly increased in MSC-treated rats compared with control rats (Fig. 2) , suggesting a successful transplantation of MSCs into the renal medulla.
Effect of MSC transplantation into the renal medulla on sodium balance in Dahl S rats High salt intake produced a positive sodium balance. The high-salt-induced cumulative salt balance was significantly lower in MSC-treated rats than in control cell-treated rats (Fig. 3a) .
Effect of MSC transplantation into the renal medulla on high salt induced increase in blood pressure in Dahl S rats High salt intake remarkably increased MAP in control cell-treated rats. However, this high-salt-induced increase in MAP was significantly reduced in MSC-treated rats (Fig. 3b) , demonstrating that transplantation of MSCs into the renal medulla attenuated salt-sensitive hypertension in Dahl S rats. In an additional group of rats, we infused vehicle (0.9 % saline only without cell suspension) into the renal medulla as a blank control. There was no significant difference in high-salt-induced increase of MAP between RMIC-and saline-treated rats after high-salt diet, suggesting that control cells did not produce damage compared with vehicle alone. Effect of MSC transplantation on the levels of IL-1β and MCP-1, and CD43+ cell infiltration in the renal medulla To determine the effect of MSC on inflammatory response to highsalt challenge in the renal medulla, we detected the proinflammatory factors and immune cell infiltration in the renal medulla. IL-1β is closely associated with renal inflammation [24] . MCP-1 is one of the key chemokines that increases monocyte infiltration into inflamed tissues and an important inflammatory mediator [25] . Increased MCP-1 levels in the kidneys have been associated with renal inflammation and hypertension [26] [27] [28] . We then used IL-1β and MCP-1 to represent proinflammatory factors in the renal medulla. Our results showed that both IL-1β and MCP-1 levels were significantly increased after high-salt challenge in control rats, which was blocked in MSC-treated rats (Fig. 4a, b) . CD43 is a marker for identifying T cells and a subset of B cells and used as an indicator for immune cell infiltration and inflammation in the renal medulla in the present study. Our results showed a remarkable increase in CD43+ cells in the renal medulla after high-salt challenge in control animals, which was blocked in MSC-treated rats (Fig. 4c) . These results demonstrated that MSC treatment inhibited the inflammatory response to high-salt challenge in the renal medulla in Dahl S rats.
Discussion
The present study demonstrated that the number of stem cell marker CD133+ cells was decreased in the renal medulla and that transplantation of MSCs into the renal medulla significantly attenuated high-salt-induced increase in blood pressure in Dahl S rats; the beneficial effect of MSCs was associated with reduction in high-salt-stimulated increases in proinflammatory factors IL-β and MCP-1 as well as infiltration of immune cells in the renal medulla. These data suggested that there is a defect in stem cells in the renal medulla and that correction of the stem cell deficiency inhibits inflammatory response to high-salt challenge in the renal medulla and attenuates salt-sensitive hypertension in Dahl S rats.
CD133 as a stem cell marker has been widely used to detect stem cells in a variety of organs including kidney [4] . Our data showed a significantly reduced number of CD133+ cells, which suggested a stem cell deficiency in the renal medulla in Dahl S rats. Given the fact that stem cell deficiency may play a role in the pathogenesis of diseases and that renal medullary dysfunction is one of the major mechanisms for hypertension in Dahl S rats, this finding may suggest that the stem cell deficiency participates in the mechanisms mediating renal medullary dysfunction and contributes to the pathogenesis of salt-sensitive hypertension in this animal model. If so, it would be expected that correction of this stem cell deficiency by transplanting stem cells into the renal medulla attenuated the salt-sensitive hypertension in Dahl S rats.
Stem cell therapies have been widely used for the regeneration and repair after acute ischemic and toxic organ damages. In addition, stem cell therapy has also been used in the treatment of different forms of diseases [29] and emerged as a new exciting therapeutic option for a variety of pathological conditions such as diabetes, multiple sclerosis, inflammatory bowel disease, liver disease, heart disease, renal disease, etc. [29] . It is believed that stem cell therapy may be applied in more and more different diseases. The finding in the present study provided clue for using stem cell treatment in renal medullary dysfunction and salt-sensitive hypertension. Notably, among the cell sources for stem cell therapy MSCs may be the most widely used and currently preferred stem cell model and have been used in many clinical trials because of easy preparation, immunologic privilege, and biosafety [30, 31] . We then chose MSCs in our study and found that transplantation of MSCs into the renal medulla remarkably improved the capability of the kidneys to remove extra sodium load, which reduced sodium retention, and significantly attenuated hypertension in Dahl S rats. These data further support the view that stem cell deficiency in the renal medulla may be a novel mechanism contributing to the development of hypertension in Dahl S rats and that MSCs could be a potential therapeutic strategy for salt-sensitive hypertension.
There might be a concern that cell transplantation into the renal medulla would produce damage as well as renal medullary dysfunction, which would cause more increase of blood pressure after high-salt challenge. If this was the case, there might be possibilities that control cells RMICs produced more damage than MSCs and that a reduced increase of blood pressure in MSC-treated rats after high-salt challenge was due to less damage in the renal medulla in MSC-treated rats than that in control cell-treated rats. To rule out this possibility, we compared high-salt-induced increase in blood pressure between control cell-and saline (vehicle)-treated rats and found no significant difference between these two groups, demonstrating that cell transplantation did not produce damage and dysfunction in the renal medulla compared with vehicle alone and that attenuation of salt-sensitive hypertension in MSC-treated rats was indeed due to the beneficial effect of MSCs, not due to less damage produced by MSCs than RMICs. We next wondered by what mechanism MSCs exerted the antihypertensive action in the renal medulla. It has been recognized that the beneficial effects of stem cell therapy are predominantly mediated by indirect paracrine mechanisms [30, 32] . In particular, it has been well documented that stem cells including MSCs possess immunomodulatory and antiinflammatory functions [31, 32] . Renal inflammation plays a pivotal role in salt-sensitive hypertension including that in Dahl S rats [33, 34] . We therefore examined the proinflammatory factors and immune cell infiltration to determine whether antihypertensive action of MSC treatment was associated with anti-inflammatory effects in the renal medulla in Dahl S rats.
Our results demonstrated that high-salt intake significantly increased proinflammatory factors and produced substantial immune cell infiltration in the renal medulla. However, MSC treatment blocked high-salt-induced increases in proinflammatory factors and inhibited the inflammation in the renal medulla in Dahl S rats. These data suggested that normal stem cell behavior may preserve renal medullary function in response to high-salt intake via well-maintained anti-inflammatory mechanisms, and that a deficient stem cell function in the renal medulla may result in an impairment of stem cellmediated anti-inflammatory mechanisms and consequently incapacity to counterbalance inflammatory response to highsalt challenge in Dahl S rat. MCS treatment corrected the impaired anti-inflammatory mechanisms associated with stem cell deficiency in the renal medulla and attenuated hypertension after high-salt challenge in Dahl S rats. The mechanisms causing stem cell defect in Dahl S rats and how stem cells execute anti-inflammatory function require further investigation. It should be noted that although the causal role of renal inflammation in hypertension of Dahl S rats has been identified and that antiinflammatory function of MSC has been defined, which suggests that MSC may attenuate hypertension via antiinflammatory function, it however cannot be totally ruled out that there might be other unknown mechanism of lowering blood pressure and that less hypertension led to less inflammation in MSC-treated rats.
Interestingly, consistent with the findings in the present study, a most recent study showed that IV-injected MSCs localized into the kidneys and blocked the increase of proinflammatory factors IL-1β and TNF-α in the renal medulla [35] , which was accompanied with normalization of the increased expression of prohypertensive renin-angiotensin system and the reduced expression of antihypertensive gene (type 2 angiotensin II receptor) in the renal medulla in two-kidney one-clip rat, a renovascular hypertension model. Therefore, it is possible that there may also be interaction and regulation of pro/antihypertensive genes by stem cells in the kidneys of Dahl S rats, a salt-sensitive hypertension model, which is worth further evaluation.
In summary, the present study revealed a stem cell deficiency in the renal medulla in the Dahl S rats and that transplantation of MSCs into the renal medulla attenuated the saltsensitive hypertension, which was associated with inhibition of high-salt-induced increase of proinflammatory factors and immune cell infiltration in the renal medulla. It is concluded that stem cell deficiency in the renal medulla may be a novel mechanism contributing to the pathogenesis of salt-sensitive hypertension and that MSC therapy may serve as a new therapeutic strategy for salt-sensitive hypertension.
